Polar pili biogenesis in Caulobacter involves the asymmetric localization of the CpaE and CpaC components of the pili-specific secretion apparatus to one pole of the predivisional cell followed by the biosynthesis of the pili filaments in the daughter swarmer cell. The histidine kinase signaling protein, PleC, that controls the temporal accumulation of the PilA pilin subunit is asymmetrically localized to the pole at which pili are assembled. Here we identify a protein, PodJ, that provides the positional information for the polar localization of both PleC and CpaE. The PodJ protein was found to exist in two forms, a truncated 90-kDa and a full-length 110-kDa form, each controlling a different aspect of polar development and each localizing to the cell poles at a specific time in the cell cycle. When active PleC is delocalized in a ⌬podJ mutant, the accumulation of PilA, the downstream target of PleC signaling, is impaired, providing evidence that the polar localization of this histidine kinase stimulates the response signaled by a twocomponent system.
C
ell division in Caulobacter crescentus yields a swarmer cell and a stalked cell, each with different morphologies and cell fates (1) . Only the stalked cell initiates DNA replication. The swarmer cell acquires the ability to replicate its chromosome once it completes an obligate differentiation into a stalked cell (Fig. 1A) . During this transition a flagellum, pili, and the chemosensory apparatus (2) are lost from the swarmer cell pole and replaced by a stalk with holdfast material at its tip (3) . As the stalked cell grows and replicates its DNA, a new flagellum, chemotaxis apparatus, and pilus secretion apparatus are assembled at the pole opposite the stalk. An asymmetric cell division then yields a stalked cell and a new flagellated swarmer cell that assembles pili filaments (Fig. 1 A) .
To determine the molecular mechanisms that control polarity, we have initiated a study of polar pili biogenesis (4, 5) . Pili serve as bacteriophage receptor sites in Caulobacter and are known to mediate adhesion, motility, biofilm formation, and DNA transfer in other bacteria (6, 7) . Pili are formed by the polymerization of a pilin subunit into a filament that is anchored in the inner membrane, spans the periplasm, and exits the outer membrane through a specialized pilus secretion channel formed by a protein belonging to the secretin family (7) (8) (9) . Pili biogenesis in Caulobacter requires at least nine genes (4, 5) . Five genes encoding components of the pilus secretion machinery, cpaB-F, including the CpaC secretin homologue, are transcribed in the predivisional cell. A gene encoding a homologue of a prepilin peptidase, cpaA, is transcribed next, followed by the transcription of pilA, encoding the PilA pilus subunit (10) . CpaC is localized to the incipient swarmer cell pole of the predivisional cell before the accumulation of PilA. The polar positioning of CpaC requires the CpaE assembly protein that is located at the incipient swarmer cell pole. CpaE is lost at the swarmer-to-stalked cell transition coincident with the loss of pili, but CpaC is retained at the tip of the newly formed stalk (4) .
Localization to the cell pole is also a feature of the twocomponent signaling proteins that regulate polar morphogenesis including the PleC, DivJ, and CckA histidine kinases and the DivK response regulator (11) (12) (13) . PleC and the essential response regulator CtrA positively control the accumulation of PilA (4, 5, 10, 14) . The localization pattern of PleC parallels that of CpaE, raising the possibility that it is controlled by a common mechanism. Here we report the identification of a localization factor, PodJ, that provides the positional information for the polar location of PleC and CpaE. The PodJ protein exists in two forms, full length (PodJ L ) and truncated (PodJ S ), each localizing to the cell pole at different stages in the cell cycle where they perform different biological functions. Moreover, in the absence of PodJ, the CpaC secretin homologue fails to localize to the cell pole. Because the positioning of CpaC directly depends on CpaE (4), the observed requirement of PodJ for CpaC localization is probably indirect due to the delocalization of CpaE in the absence of PodJ. Thus, the mere presence of CpaE activity within the cell is not sufficient for proper execution of its function, but rather the function needs to be performed at the correct subcellular site.
PilA is a target of the PleC signaling pathway in that PilA fails to accumulate in a pleC deletion mutant or in a mutant strain in which the normally phosphorylated histidine has been changed to an alanine (4). We show here that PilA accumulation is also impaired in a ⌬podJ mutant, which fails to localize active PleC to the swarmer cell pole, providing evidence that the activity and localization of the PleC histidine kinase both are required for the accumulation of PilA. Thus, the localization of the PleC histidine kinase to the cell pole activates the phosphorelay that regulates a downstream target.
Experimental Procedures
Bacterial Growth Conditions and Strains. C. crescentus CB15N and CB15 and their derivatives were grown in M2G for immunoblotting, synchronization, and fluorescence microscopy experiments (4, 15) . Synchronization and bacteriophage ⌽Cr30-mediated generalized transductions were performed as described (15, 16) . Rosette formation was assayed by light microscopy in CB15 derivatives. Chemotaxis was assayed as described (13) . The presence of pili was assayed by sensitivity to bacteriophage ⌽CbK as described (5) . The ⌬cpaE and podJ::Tn5(NTD) (SC1119) strains have been described (5, 13, 17) . The podJ::Tn5(CTD) mutant was isolated in the same mini-Tn5lacZ2 screen that identified the cpaF::Tn5 strain (5). The strain with an in-frame deletion of pleC (⌬pleC) was a gift from Urs Jenal (Biozentrum, Basel University, Basel). The ⌬podJ strain was made by creating an in-frame deletion of the sequence encoding residues 42-959 of PodJ and confirmed by complementation with podJ in trans. The yfp-podJ strain was constructed by fusing a version of yfp lacking the start and stop codon after the podJ start codon as has been described for yfp-cpaE (4). The yfp-podJ strain is chemotactic and sensitive to infection by bacteriophage ⌽CbK, indicating that yfp-podJ is functional. For the construction of the ⌬pilA-cpaF::⍀aac3 strain, the sequence between codon 5 of pilA and codon 462 of cpaF was replaced with the ⍀aac3 cassette from pHP45⍀aac3 that confers resistance to apramycin at 8 g͞ml (18). The pleC-gfp and yfp-cpaE strains were made as described by using pHPV290 and pHPV227, respectively (4).
Sequence of podJ. An updated sequence of podJ replacing the previous one (17) , which contains frameshifts that translate into a truncated version of PodJ (CC 2045) with a molecular mass of 50 rather than 103 kDa, was deposited in the Third Party Annotation Section of GenBank under accession number TPA: BK000536.
Antibody Production, Immunoblots, and Fractionation of Cell Lysates.
Hexa-histidine-tagged PodJ N-terminal domain (NTD) and C-terminal domain (CTD) were overexpressed in Escherichia coli by using pET28 (Novagen) and purified by using standard conditions (Qiagen, Valencia, CA). A total of 2 mg of each purified protein was used to immunize two rabbits (Covance, Richmond, CA) for the production of polyclonal antibodies. Immunoblots were performed as described (4, 19) . The crude PodJ NTD and CTD serum was diluted 1͞20,000 and 1͞30,000, respectively. Fractionation of cell lysates into soluble and insoluble fractions was performed as described by Sandkvist et al. (20) except that cells were lysed completely by sonication.
Fluorescence Microscopy. GFP͞yellow fluorescent protein (YFP)-mediated fluorescence microscopy, immunofluorescence microscopy (IFM), and antibody affinity purification were performed as described (4, 21) . The PodJ antibodies were used at 1:2,500 (NTD) and 1:1,000 dilution (CTD), respectively.
Results podJ Mutants Fail to Accumulate PilA and a Modified Form of CpaC,
CpaC*. The podJ gene was identified in a Tn5 mutagenesis screen for mutants that display defects in polar organelle development and confer resistance to infection by bacteriophage ⌽CbK (13). The observation that ⌽CbK binds to pili as the first step in the infection process (5) suggests that podJ loss-of-function mutants are resistant to ⌽CbK because of their inability to assemble pili. To test this possibility, immunoblots of cell extracts from wildtype and a podJ deletion strain were probed with antibodies raised against structural and regulatory factors required for pilus formation ( Fig. 1B) : the pilin subunit (PilA), the pilus outer membrane channel subunit (CpaC), and its assembly factor (CpaE) as well as antibodies against two regulatory proteins required for the accumulation of PilA, the histidine kinase PleC and the response regulator CtrA (4, 5). The ⌬podJ strain showed significantly reduced steady-state levels of PilA, which could account for the loss of pili as bacteriophage ⌽CbK receptors. Although CpaE, CpaC, and PleC are present in the ⌬podJ mutant, CpaC*, a modified form of the CpaC monomer with a slower mobility on SDS͞PAGE (4), fails to accumulate (Fig. 1B) . We have shown previously that, unlike CpaC, which is present throughout the cell cycle, CpaC* transiently accumulates only in the stalked cell and predivisional cell (4). This requirement of PodJ for the accumulation of CpaC* suggests that PodJ may mediate an event at the cell pole required for CpaC function.
Polar Localization of CpaC and CpaE Depends on PodJ.
We demonstrated previously that both CpaC and CpaE are localized to the flagellated cell pole (4). Furthermore, ⌬cpaE cells are unable to localize CpaC to the pole and are devoid of CpaC* (4). The absence of CpaC* in the ⌬podJ mutant cell extracts suggests that PodJ, similar to CpaE, is also required for the polar localization of CpaC. IFM using an affinity-purified CpaC antibody (4) showed that ⌬podJ mutant cells were devoid of the polar CpaC foci ( Fig. 2A) . Thus, PodJ, similar to CpaE, is in the pathway controlling CpaC modification and localization. To determine whether PodJ acts upstream of CpaE, we used fluorescence microscopy to observe the intracellular location of YFP-CpaE in a ⌬podJ strain in which the chromosomal cpaE gene is replaced with yfp-cpaE (4). As shown in Fig. 2B , ⌬podJ mutant cells were devoid of polar YFP-CpaE foci. From these results, together with the finding that CpaE is present in the ⌬podJ mutant (Fig.  1B) , we conclude that PodJ provides the positional information for the polar localization of CpaE. In addition, these results suggest that the presence of CpaE is necessary but not sufficient for the modification of CpaC and its polar localization. Instead, CpaE function needs to be exerted at the correct location within the cell.
PodJ Controls the Polar Localization of the PleC Histidine Kinase.
Fluorescence microscopy of a functional PleC-GFP fusion showed that polar PleC-GFP foci observed in podJ ϩ cells are absent in ⌬podJ cells (Fig. 2C) . Instead, PleC-GFP is dispersed evenly throughout the cell membrane, indicating that PleC lacks the positional information for polar localization in the absence of PodJ.
The ⌬podJ mutant is motile, forms stalks, and is not completely devoid of PilA (Fig. 1B) , unlike the ⌬pleC and pleC(H610A) loss-of-function mutants (4). Thus, delocalized PleC has retained activity. To determine whether podJ acts upstream of pleC, the ⌬podJ mutation was introduced into ⌬pleC and pleC(H610A) mutants, and the resulting strains were analyzed by differential interference contrast light microscopy for motility and by immunoblotting for PilA levels. Both doublemutant strains were nonmotile and completely devoid of PilA (data not shown), indicating that the pleC loss-of-function mutations are epistatic to the ⌬podJ mutation. Although PodJ is not required for PleC accumulation (Fig. 1B) , it is required for its polar positioning, suggesting that mislocalization of PleC is responsible for the reduced PilA levels observed in the ⌬podJ mutant. These results, together with the PleC localization experiments, strongly support a model in which PodJ modulates PleC activity with respect to PilA accumulation by directing PleC to the polar site of pili biogenesis.
To determine whether PleC localization depends on CpaE, the pleC-gfp fusion was introduced into a strain (⌬pilA-cpaF::⍀) with a deletion of the locus encompassing the pilus assembly genes pilA-cpaF. Fluorescence microscopy of this strain revealed PleC-GFP foci at the swarmer cell pole (data not shown), suggesting that PleC polar localization does not depend on CpaE. Thus, by directing the polar localization of the CpaE pilus assembly factor and the PleC histidine kinase, PodJ controls two parallel pathways that culminate in pili biogenesis at the cell pole (Fig. 2D) .
podJ Encodes Two Distinct Isoforms, PodJS and PodJL. A podJ deletion mutant and a mutant harboring a Tn5 insertion near the 5Ј end of podJ [podJ::Tn5(NTD)] are impaired in pili biogenesis and are also nonchemotactic and unable to carry out holdfastmediated rosette formation ( Fig. 3A; refs 13 and 17) . A mutant with a Tn5 insertion near the 3Ј end of podJ [podJ::Tn5(CTD)], however, lacks pili but is chemotactic and forms rosettes (Fig.  3A) . The podJ gene encodes a predicted protein with a molecular mass of 103 kDa (974 residues) and a TM domain at residues 639-662 (Fig. 3B) . A stretch of positively charged residues (RPRSRRRAWARP) immediately preceding the TM suggests that, according to the ''positive-inside'' rule (22) , the TM separates PodJ into a cytoplasmic NTD (residues 1-638) and a periplasmic CTD (residues 663-974). The site of the Tn5 insertion in the podJ::Tn5(CTD) mutant maps to the region encoding the CTD of PodJ, whereas that of podJ::Tn5(NTD) is located within the NTD, suggesting that the CTD is specifically required for pilus assembly, and that the NTD is necessary and sufficient for chemotaxis and rosette formation. Immunoblots using antibodies raised against recombinant CTD and NTD (Fig. 3B) revealed that PodJ is composed of two physically separable domains. As expected, the CTD-specific antibody recognizes a single protein with an apparent molecular mass of Ϸ110 kDa (Fig. 3C) . The antiserum raised against the NTD detects two proteins, a longer form with the same mobility as the one detected by the CTD-specific antibody (designated PodJ L ) and a shorter form that migrates at Ϸ90 kDa (designated PodJ S ). The ⌬podJ (data not shown) and the podJ::Tn5(NTD) mutant (Fig. 3D) are devoid of both PodJ L and PodJ S . However, PodJ L , but not PodJ S , was absent from the chemotaxis-and rosette-proficient podJ::Tn5(CTD) mutant (Fig. 3D) , suggesting that PodJ S comprises the NTD required for chemotaxis and rosette formation. Moreover, the observation that PodJ S does not react with the CTD-specific antibody provides evidence that PodJ S represents a C-terminal truncated form of PodJ L .
To ascertain that PodJ s lacks the TM domain, wild-type cell extracts were separated into soluble (cytoplasmic) and insoluble (membrane) fractions (Fig. 3E) and probed for the presence of the PodJ isoforms by immunoanalysis using the NTD-specific antibody. Approximately half of the cellular content of PodJ S is soluble, suggesting that it is at least partially cytoplasmic, whereas the other half seems to be associated with the cytoplasmic membrane. Unlike PodJ S , PodJ L is found exclusively in the membrane fraction, suggesting that the predicted TM provides PodJ L with features similar to those of integral membrane proteins such as FliF ( Fig. 3E; ref. 23 ).
Steady-State Levels of PodJS and PodJL Peak at Different Stages of the
Cell Cycle. Immunoblots probed with the PodJ NTD antibody were used to determine the steady-state levels of both PodJ isoforms during the cell cycle (Fig. 4) . These experiments revealed that the two PodJ isoforms are present in mutually opposing cell types. The full-length translation product, PodJ L , accumulates in the stalked cell. PodJ S , on the other hand, appears in the late predivisional cell at a time when PodJ L steady-state levels decrease. After cell division, PodJ L appears in the stalked cell progeny, while PodJ S is in the swarmer cell progeny. The accumulation of PodJ L in the stalked cell and early predivisional cell coincides with the onset of podJ transcription (17) . In the late predivisional cell, PodJ L is likely to be converted to the truncated form, PodJ S , by proteolytic cleavage.
PodJS and PodJL Localize to the Incipient Swarmer Cell Pole.
To explore the subcellular location of PodJ L and PodJ S , IFM using the PodJ NTD-and CTD-specific antibodies was performed. Both antibodies revealed strong polar foci in wild-type cells that were not present in the ⌬podJ mutant (data not shown). To distinguish between the localization pattern of PodJ L and that of PodJ S , synchronized wild-type cells were collected at different stages of the cell cycle and subjected to IFM by using either NTD-or CTD-specific antibodies. By using the PodJ NTDspecific antibody, polar foci were detected in wild-type swarmer cells (Fig. 5A ) which do not contain PodJ L (Fig. 4) . Similar results were obtained by observing the location of YFP-PodJ in a yfp-podJ strain by fluorescence microscopy and immunoblotting (data not shown). Thus, PodJ S is located at the swarmer cell pole. The antibody to PodJ CTD, which only detects PodJ L , yielded fluorescent foci at the cell pole of the predivisional cells when PodJ L first accumulates. Fluorescence microscopy using the yfp-podJ strain revealed that YFP-PodJ was localized to the pole opposite the stalked pole in predivisional cells (data not shown). These results show that the localization of PodJ L , the isoform required for pilus formation, occurs at the same site as and precedes that of PleC and CpaE localization. The decrease in PodJ L steady-state levels in the late predivisional cell is followed by the appearance of PodJ S at the new swarmer cell pole, the site previously occupied by PodJ L . Thus, both PodJ isoforms, PodJ L and PodJ S , sequentially appear at the incipient swarmer cell pole of the predivisional cell, but only PodJ S is retained at the pole of the progeny swarmer cell.
Discussion
The asymmetric polar location of pilus assembly proteins relies on two mechanisms acting in concert. The first mechanism, described in this study, utilizes a localization factor, PodJ, to position a pili assembly protein, CpaE, and a pili regulatory protein, the PleC histidine kinase, at the cell pole. The second mechanism mediates polar asymmetry by restricting the location of these proteins to only one of the two cell poles by using PleCϳP to signal the release of itself and CpaE from the pole of the swarmer cell at the swarmer-to-stalked cell transition (4).
The podJ gene encodes two isoforms: PodJ L , required for pilus biogenesis, and PodJ S , responsible for chemotaxis and the formation of holdfast-mediated rosettes. PodJ L provides the positional information for the localization of the CpaE assembly protein and the PleC histidine kinase to the incipient swarmer pole of the predivisional cell. PodJ S may act in a manner similar to PodJ L in serving as a localization factor or it may affect chemotaxis and holdfast formation in some other way. Consistent with their distinct roles in polar organelle development, the PodJ isoforms are located at the cell poles at different times in the cell cycle (Fig. 4) . Because the podJ gene is transcribed in the stalked cell and early predivisional cell, coincident with the accumulation of the full length PodJ L isoform, it is likely that the shorter PodJ S isoform is a proteolytic product of PodJ L . After the onset of the suspected proteolytic cleavage of PodJ L just before cell division, PodJ S remains at the pole of the progeny swarmer cell, and PodJ L is lost from this pole. Thus, a temporally controlled proteolytic event is likely to mediate polar development during the cell cycle.
The CpaC secretion channel may perform a function at the swarmer cell pole and at the tip of the stalk. Unlike CpaE and PleC, which are lost at the swarmer-to-stalked cell transition, CpaC remains at its polar position after pili and the flagellum are lost (4) . As a consequence, CpaC is retained at the tip of the elongating stalk (Fig. 1 A) . In the absence of PodJ, CpaC is unable to localize to the cell pole and, consequently, is also absent from the tip of the stalk later in the cell cycle. We propose that, like for CpaC, PodJ may control the localization of a holdfast biogenesis factor by directing it to the incipient swarmer cell pole of the predivisional cell, where it may persist in an inactive state until after the swarmer-to-stalked cell transition, when it mediates holdfast biogenesis at the tip of the nascent stalk. The lack of positional information for its polar location in the absence of PodJ may result in the inability to form holdfasts. In light of this hypothesis, it is noteworthy that the hfaA gene, encoding a holdfast attachment protein, is transcribed in the swarmer cell compartment of the predivisional cell rather than at the time when the holdfast forms (3) .
We have shown that several two-component signal transduction proteins including DivJ, DivK, CckA, and PleC are dynamically localized to Caulobacter cell poles during the course of the cell cycle (23) (24) (25) . Thus far, it has not been possible to determine whether both the activity of a protein and its location within the cell are required for the same downstream signaling pathway. Using the accumulation of PilA as a readout of the PleC phosphorelay, we provide evidence that the ability of PleC to localize to the cell pole is necessary for the regulation of PilA accumulation. In a ⌬podJ mutant, active PleC is delocalized, and PilA accumulation is impaired. The complete loss of PleC activity not only fails to support PilA accumulation but also impedes stalk biogenesis, motility (4), and holdfast-mediated rosette formation (13) . Although the polar localization of PleC is important for pili and perhaps holdfast biogenesis, it is not required for stalk biogenesis or motility. Active but delocalized PleC (PleCϳP) is present in the cell, because the ⌬podJ strain only exhibits the PilA and holdfast phenotypes. Thus, for at least one branch of the PleC signal transduction pathway, impaired signaling is probably a direct consequence of the inability to localize the PleC histidine kinase to the cell pole. The local activity of PleC at the swarmer cell pole is likely to be critical for the activation of a target response regulator, like the DivK single domain response regulator, that also is localized to this pole (25) . The possibility that only fully active PleC localizes to the pole and PodJ serves primarily to stimulate PleC activity can be excluded based on the result that an inactive version of PleC, lacking the site of autophosphorylation, retains its ability to localize to the cell pole (4) .
The CpaE pilus assembly protein provides another example of the necessity of polar localization for protein function. Strains lacking CpaE activity fail to localize the CpaC pilus secretion channel (4) . In a ⌬podJ strain, CpaE is present but not localized, and consequently CpaC is not positioned at the cell pole. Thus, CpaE function is impaired in the ⌬podJ strain. These observations are consistent with the view that CpaE must perform its function at the correct subcellular location, the incipient swarmer cell pole, and that the mere presence of CpaE is not sufficient for the formation of the polar CpaC pilus secretion channel.
